A kind of nonresonance shaking beam motors is proposed with the advantages of simple structure, easy processing, and low cost due to its wide application prospects in precision positioning technology and precision instruments. The normal vibration model between the stator and slider is divided into contact and noncontact types to investigate the nonresonance friction drive principle for this motor. The microscopic kinematics model for stator protruding section and the interface friction model for motor systems during both operating stages are established. Accordingly, the trajectory of the stator protruding section consists of two different elliptical motions, which differ from those of resonance-type motors. The output characteristic of the nonresonance shaking beam motor is proposed under steady working conditions with reference to the research method of standing-wave-type ultrasonic motors. Numerical analysis is used to simulate the normal vibration and mechanical output characteristics of the motor. Experimental and theoretical data fitting validates the numerical analysis results and allows the future optimization of nonresonance-type motors.
Introduction
Piezoelectric actuators are characterized by high efficiency, high positioning accuracy, fast response, and good stability [1] [2] [3] ; these devices are effective precision actuation technologies for precision instruments [4, 5] , guidance technology [6] , biomedicine [7] , and high-technology fields [8, 9] . Resonance-type linear piezoelectric motors include a type of linear motor based on "shaking beam" principle. This motor is composed of two piezoelectric vibrators with a phase difference of 90 ∘ to cause two-phase longitudinal vibration, the coupling effect of which produces an elliptical trajectory at the protruding section [10, 11] . This motor type can be developed with two Langevin-type transducers or a pair of piezoelectric ceramics and has simple structure, easy processing, and low cost. However, the resonance frequency consistency of the two vibrators strongly depends on structural design and machining accuracy due to the resonance working condition [12] .
When the Langevin-type transducers are substituted with a pair of piezoelectric stacks and the small-stiffness horn is changed into a rigid beam, a different linear piezoelectric motor can be obtained in nonresonance working condition [13] . Piezoelectric stacks have the characteristics of high precision and large deformation in nonresonance state; therefore, the motor can operate under nonresonance condition. The motor has the same simple structure and low demand on processing precision compared with "shaking beam" motors.
Similar to resonance motors, nonresonance linear piezoelectric motors produce elliptical motion at protruding section. The friction between stator and slider transfers the microvibration of the stator into the macroscopic linear motion of the slider. The frictional contact characteristics of nonresonance linear piezoelectric motors are similar to those of standing-wave-type motors. Thus, a small contact area and an intermittent contact interface could couple dynamic characteristics with shock, vibration, and friction [14] . The friction drive principle of resonance-type motors has been investigated based on the analysis of the vibration modes of stator [15, 16] and on the friction model of the contact interface [17, 18] . However, the elliptical trajectory of nonresonance-type motors is not completely the same as that of standing-wave-type motors, which is mainly determined by the distributed structural stiffness and excitation frequency [19] . The elliptical trajectory of nonresonance-type motors is significantly influenced by concentration structural stiffness and mass and nearly unrelated to the excitation frequency in the operating frequency range.
The friction between stator and slider exerts a pivotal effect on the motor mechanical performance. Accordingly, this study will focus on the characteristics of elliptical trajectories and the vibration characteristics of nonresonancetype motors and address the friction drive mechanism of this type of motors. With reference to the research method of the friction drive mechanism of standing wave motors, the longitudinal normal pressure and the tangential friction force on the interface between stator and slider will be obtained on the basis of the elliptical trajectory at the protruding section. The friction drive model of the motor can be produced for establishing the links between motor characteristics and structural and operation parameters. Thus, the research results can provide a theoretical model for nonresonancetype piezoelectric motors and predict the mechanical properties of this type of motors.
Motor Operating Mechanism

Formation of Elliptical Trajectory.
The stator structure is shown in Figure 1 , where the masses of drive end and counterweight are m 1 and m 2 , respectively; k 1 is the total stiffness of piezo system and flexible beam; and k 2 is the stiffness of preload spring.
Piezoelectric stacks can output large displacements in nonresonance state and sinusoidal displacements with the same frequency while excited by sinusoidal electric signals [20] . From the formation of elliptical trajectory under resonance condition, two piezoelectric stacks are excited by two sinusoidal voltages of phase difference /2, as shown in Figure 2 . Thus, two sinusoidal vibration displacements are obtained with quarter cycle phase difference. While the two displacements are simultaneously applied to a particular mechanism, the tangential displacement component (with a direction parallel to the slider movement) and the normal displacement component (with a direction perpendicular to the slider movement) are produced at the protruding section, which contribute to the elliptical trajectory of the protruding section in one excitation period. In Figure 2 , direction represents the tangential direction, and y direction represents the normal direction. The output displacements of the two piezoelectric stacks are sinusoidal displacements in normal direction, called 1 and 2 , in two parallel y directions. We assume that 1 = sin and 2 = cos , and the displacement parameter equations of the protruding section are
Thus, the elliptical trajectory is produced at the protruding section, as shown below:
where is the tangential displacement scale factor and is the normal displacement scale factor, both of which are constants associated with the geometric dimensions of drive foot. As for nonresonance-type motors, the stator may be considered to consist of three parts, namely, drive foot, piezoelectric stacks, and the flexible structure that can be used for pretightening of piezoelectric stacks, and other mass parts (hereinafter referred to as "counterweight"). Among the parts of stator, the piezoelectric stacks are mounted between the drive foot and the counterweight and pressed with preloads by the flexible structure. Given the micron-scale deformation of piezoelectric stacks and the flexible structure, they can be simplified as a linear spring with stiffness k 2 , as shown in Figure 4 , which express the normal vibration model of the motor stator. In Figure 3 , 1 and 2 are the masses of drive foot and counterweight, respectively; and 1 ( ) and 2 ( ) are the normal output force components of piezoelectric stacks.
In Figure 3 , equivalent spring is the combination of the elastic structure and piezoelectric stacks, and its stiffness is expressed as 1 elastic structure, respectively. The preload spring provides the prepressure between stator and slider, which is similar to ultrasonic motors, and its stiffness is represented by 2 . In Figure 4 (b), the contact deformation between stator and slider may be explained by the contact spring with the stiffness of 3 . 3 = c c /ℎ c , where c , c , and ℎ c denote the elastic modulus of friction plate bound on the stator, the contact area between stator and slider, and the thickness of the friction material, respectively [21] . From [20] , the output force equation is as follows:
where is the maximum output force of piezoelectric stacks; is the excitation frequency of piezoelectric stacks; and and are the proportional coefficients and dependent on the structure size of the drive foot. The vibration differential equation of the stator during the noncontact stage is
The amplitude of the protruding section is expressed as follows:
The vibration differential equation of the stator during the contact stage is
The amplitude of the protruding section is as follows:
where
Characteristics of Interfacial Force between Stator and Slider
Normal Contact Force.
From the motor cycle, the normal contact force between stator and slider is periodically intermittent, similar to the elliptical trajectory of the resonance motor. When the motor is steadily running, the normal contact force exists during a certain period of time in a cycle, and thus the stator does work on the slider. However, the stator does not work on the slider, while the normal contact force is zero during another period of time in a cycle. The normal contact force between stator and slider depends on the normal displacement component of the protruding section. The noncontact angle is defined as = − , as shown in Figure 4 . In Figure 4 , the initial elastic deformation 0 between stator and slider caused by the deformation of preload spring is assumed; the displacement trajectory equation of the protruding section can be obtained by referring to the elliptical trajectory equation of the resonance-type motors [17] .
Thus, the normal contact force between stator and slider can be expressed as
From Figure 5 , Mathematical Problems in Engineering Equation (11) is substituted into (10) in combination with Figure 5 . Equation (10) can then be rewritten as formula (15) .
When the motor works under steady state, the normal equilibrium position of the protruding section remains nearly unchanged. The normal contact force between stator and slider is 0 = cos( /2). In one working cycle, the protruding section reciprocates near the equilibrium position in a way starting from the equilibrium position and returning to the equilibrium position. During the entire process, the total momentum of motor stator in the normal direction is a constant, and the external forces for the stator system include 0 and 0 . When the motor is stable, according to the principle of momentum conservation, the momentum generated by the contact force is equal to that generated by the preload in an entire cycle.
Therefore,
Substituting (15) into (12), we can obtain
We assume that = 2 − , where corresponds to the contact angle of nonresonance-type motors, and (13) can be written as
From (14), 0 ≤ 0 when 0 < ≤ . Initial prepressure always exists between stator and slider, that is, 0 > 0; therefore, < ≤ 2 . The contact angle and preload increase under the same operating condition.
When the preload is zero, theoretically, the contact angle equals . In practice, if no prepressure exists between stator and slider, the contact condition and the motor operation will be unstable due to such factors as the geometric tolerances of friction plate and the surface roughness of contact interface. When ≥ , = 2 , which means the constant contact between stator and slider during the entire working cycle.
Contact Interface Friction between Stator and Slider.
The relative motion between stator and slider is low-speed motion ( m/s to mm/s); hence, the motor tribological behavior is a combination of slip motion and adhesion state according to tribological theory. Therefore, Coulomb friction model, with relatively simple parameters, is adopted in this situation and is shown in Figure 5 , where is the static friction, is the dynamic friction, and V is the viscous friction. On the basis of Coulomb friction model, the friction V can be expressed as follows:
, where is the dynamic friction coefficient of the friction pair between stator and slider, is the external force that acts on the slider (excluding the inner frictional force of slider), and V is the instantaneous velocity of slider. represents the viscous friction coefficient, and the oblique line in Figure 6 reflects the change in viscous frictional force V with relative velocity.
As for the motor system, the friction force V does a positive work and promotes the slider movement wheṅ > V ; however, it does a negative work and prevents the mover movement. Wheṅ= V , the contact interface is fully bonded, and no relative motion occurs between stator and slider. Therefore, the magnitude and direction of the frictional force are cyclically changed during the operating process of motors.
Motor Output Characteristics in Steady
State. Similar to the interfacial force characteristics of motor, the speed of the protruding section of stator is periodically changed during the steady working process. Therefore, the speed and acceleration of the mover are also changed periodically. In this way, the slider velocity is not constant in the entire cycle. However, the slider will reach a certain equilibrium velocity, called V , during the stable operation process due to the highfrequency coupling effect of the contact interface between stator and slider. Thus, the tangential vibration velocity of the protruding section at some moment is equal to the equilibrium velocity of slider; that is, some points, called equilibrium velocity points, exist in the contact domain, on which the velocity is equal to V . Figure 6 shows the influence of the speed of the protruding section on the work of stator, in which points P and P' are both equilibrium velocity points.
From Figure 6 , we can obtain
Mathematical Problems in Engineering In the contact domain [ , ] , the tangential speed of the protruding section is larger than V ; thus, the frictional force does a positive work. The stator drive end velocity is smaller than V in the contact domains [ , ], [ , ] , and [ , ]; therefore, the frictional force does a negative work. In the noncontact domain [ , ] , the stator does not work.
The energy loss caused by rail friction is disregarded, and the interfacial frictional force between stator and slider and the external load are taken as the external force. According to the work-energy theorem for systems, the increment of the system mechanical energy is equal to the total work by the external force. The mechanical energy of the motor system does not change in a stable working cycle, and it can be obtained as (18) .
Accordingly,
When < < 2 , given the equilibrium velocity is in the contact domain, we can have the following equations:
The motor output force can be written as
Substituting (16) and (17) into (21) yields
where R = . Figures 7(a) and 7(b) illustrate the influence of counterweight on the stator vibration characteristics in noncontact and contact stages, respectively. In the two figures, the normal amplitude of the protruding section increases as the counterweight increases. When the counterweight ranges from 0.2 kg to 0.8 kg, it exerts minimal effects on the amplitude in both stages. However, the normal magnitudes are similar to one another under different excitation frequencies in the noncontact stage but are different in the contact stage.
Simulation of Motor Performance
As shown in Figures 8(a) and 8(b) , the effects of preload spring stiffness on the normal amplitude of the protruding section are investigated for the motor system in the noncontact and contact stages, respectively. The normal amplitude is nearly constant in the noncontact and contact stages under a certain excitation frequency. Particularly, the amplitude varies from 0.75 m to 0.79 m with excitation frequencies of 1, 1.5, and 2 kHz when the counterweight changes from 0.2 kg to 1.2 kg.
The simulation results imply that the counterweight has a significant influence on the normal vibration characteristics of the motor system, whereas the stiffness of the preload spring exerts a minimal effect. From the simulation for contact and noncontact stages, the counterweight ranges from 0.7 kg to 1 kg. However, the amplitude of the resonance motor depends mainly on the excitation voltage, the excitation frequency, and the vibration mode of motor stator. Therefore, the mass of counterweight has little effect on the amplitude of a resonant motor.
A small stiffness value of approximately 2 × 10 6 N/m is selected considering the regulation effect of the preload spring on the contact state between stator and the mover. Contact stiffness has a great influence on motor performance and the longitudinal amplitude characteristics of protruding section. Ceramic friction materials are necessary to use to produce a large contact stiffness considering the large contact stiffness can improve the output force of the motor. Figure 9 illustrates the effect of contact stiffness on motor characteristics in steady state. Three types of contact stiffness represent three different hardness friction materials, namely, ceramic, 45 steel, and epoxy friction material, with the corresponding contact stiffness of 2 × 10 9 , 10 9 , and 5 × 10 8 N/m, respectively. The maximum output force increases with the increase in contact stiffness. When utilizing the friction material with large stiffness, the maximum output force of the motor can be more than 4 N. However, if the friction material with small stiffness is employed, the maximum motor thrust is only approximately 1 N. Figure 10 shows the effect of normal amplitude on the motor characteristics in steady state. When exciting piezoelectric stacks with different voltages of 50, 75, and 100 V and with an excitation frequency of 1 kHz, the corresponding normal amplitudes are approximately 10, 15, and 20 nm, respectively, during the contact stage. The maximum output force increases when the normal amplitude is large, and the large normal amplitude results in hard mechanical properties for motor.
Simulation of Motor Characteristics in Steady State.
From Figures 9 and 10 , the motor maximum velocity is more than 4 mm/s with zero load, and the maximum motor thrust can be up to 4 N when the motor velocity is zero. Figure 11 shows the microscopic displacement test system for the normal amplitude of protruding section and the motion of slider. The normal and tangential displacement sensors are the LK-H020 laser displacement sensor from KEYENCE Company with an accuracy of 10 nm. The pressure sensor is an LC1015-type pressure sensor with an accuracy of 0.2 N.
Experiment
Prototype Structure and Experimental Test System.
There are 1 normal displacement sensor, 2 sliders, 3 tangential displacement sensors, 4 stators, 5 right pressure sensors, 6 right fixed blocks, 7 left pressure sensors, and 8 left fixed blocks. Figure 12 , a laser displacement sensor controller is employed to realize data transmission and test mode control between laser heads and host computer for measuring the normal amplitude of protruding section and the microscopic motion characteristic of slider. Laser displacement sensors have a sampling frequency of 50 kHz; therefore, a large amount of data may be obtained and transmitted to the host computer. In this way, we can import these data into the numerical analysis software for data processing, which makes the normal vibration displacement curve available.
Motor Stator Amplitude Experiments. As shown in
The vibration displacement at the protruding section under different excitation conditions is tested on the basis of the above principle. The normal vibration displacement curves are tested under an excitation signal of 70 V and 600 Hz and an excitation signal of 90 V and 1400 Hz, respectively, as shown in Figures 13(a) and 13(b) , respectively. The detailed measurement methods are indicated in another reference document [13] .
The two figures depict that the normal vibration displacement curve of the protruding section is also approximately sinusoidal, and the vibration displacement period coincides with the period of the excitation voltage. However, the random vibration from the external environment exerts a great influence on individual experimental points because the laser displacement sensor is highly sensitive to the external environment, which reduces the fitting accuracy. Therefore, the displacement tests should be carried out on the vibration isolation platform. Thus, the external environment has little effect on the measured experimental data and then vibration displacement curves with minimal noise could be obtained. The amplitude-frequency curves can be obtained according to the normal vibration displacement curves at different exciting frequencies, as shown in Figure 14 . Figure 14 illustrates the comparison characteristics between the simulation curves and experimental data of the normal amplitude-frequency response under excitation voltages of 70 and 90 V. With the same excitation voltage, the amplitude increases with the increase in frequency in the frequency range from 1 kHz to 2 kHz. The error of the normal amplitude is small (approximately 1% to 3%), which is beneficial to realizing motor stability in the wide-frequency domain. The experimental amplitude curve is slightly larger than the simulation value. The main reason lies in that external environmental interference causes the numerical range expansion of the measurement data, which leads to a slight increase in amplitude value during the fitting process.
Experiments on Motor Mechanical
Characteristics. The first two resonance frequencies of the motor are 230 Hz and 3.17 kHz, respectively. Theoretically, the motor operates between the first-order mode and the second-order mode. Experiment results show that the motor runs in the frequency range between 500 Hz and 2.2 kHz. When the frequency is higher than 2.2 kHz, the current of the power amplifier drops sharply, and the piezoelectric stack cannot work properly.
The motor mechanical properties can be specified as the thrust and velocity of the motor. The velocity can be obtained from the displacement curve of slider, which is produced in a similar way of normal vibration displacement curves with the laser displacement sensor system. The output force experiment of motor is performed with the traditional hanging weight method. Figure 15 shows that when the prepressures are 10 and 16 N, the displacement curve of the slider presents perfect straight lines, which indicates that the motor is running stably. However, when the prepressure is 3 N, the displacement curve of the motor shows an irregular curve along a similarly linearity line, which indicates that the motor is running in an unsteady station. Practically, the main reason lies in the shape error and surface roughness of the interface between stator and slider, which leads to a poor contact condition between stator and slider when the prepressure is significantly small. Consequently, the output speed of the motor is available by calculating the average velocity of the slider from the displacement curves.
The mechanical characteristics of the motor are experimented and simulated when the excitation voltage is 100 V and the excitation frequency is 1.5 kHz. With precision hard ceramic as the frictional material of the slider, the contact stiffness is 2 × 10 9 N/m. The viscous friction coefficient was tested and its value varies from 0.0005 N.s/m to 0.005 N.s/m. Since the velocity of the motor is very low, when is in the range of 0.0005 N.s/m to 0.005 N.s/m, the viscous friction coefficient has little effect on the mechanical characteristics of the motor. Therefore, the value of is taken as 0.001 N.s/m. Figure 16 shows the simulation curve and experimental data of the motor mechanical characteristics with prepressures of 10 and 16 N. The simulation and experimental results show that the motor has a hard mechanical property when the prepressure is 16 N with the maximum output force of approximately 4.5 N, which is approximately 1.5 times of that when the prepressure is 10 N. The motor no-load velocity is approximately 2.5 mm/s, whether the prepressure is 10 N or 16 N.
Small errors are determined between the theoretical and experimental results. The maximum speed and thrust from the experiment are smaller than those from the theoretical simulation results. This difference is due to the inner friction that exists in the slider system and the assembly error of the stator, which will reduce the motor performance. However, the simulation curves reflect the trends of motor performance generally and can provide performance prediction and optimization method for the structure design.
According to the normal contact model of stator and mover, the contact angle will be up to 2 when the prepressure increases to a certain critical value, which is approximately 20 N for the prototype. The slide velocity will be reduced rapidly, and the slider makes the reciprocating motion with the prepressure of above 25 N. When the prepressure is between 5 and 16 N, the optimal performance of the motor can be obtained with the maximum velocity of 5 mm/s and the maximum thrust of 4.2 N. However, when the prepressure is less than 3 N, the motor operates in unstable state due to the existence of assembly error and geometric tolerances, which cause different contact conditions between stator and slider at different contact positions.
Conclusion
A nonresonance "shaking beam"-type linear piezoelectric motor is proposed, and the motion characteristics of the motor stator are studied. Unlike a resonance-type motor, the trajectory of stator protruding section consists of two different elliptical arcs, which are the trajectories in contact and noncontact stages.
A normal vibration model between stator and slider is established for contact and noncontact stages. The numerical analysis method is used to simulate the normal vibration and mechanical output characteristics of the motor. The simulation and experimental results show that the stator drive foot of the motor has stable normal vibration displacement output characteristics. In noncontact and contact phases, the value of the longitudinal amplitude is significantly affected by the mass of the counterweight and minimally by the stiffness of the preloading spring. Under the same experimental conditions, the value of the normal amplitude in the noncontact phase varies from 0.5 m to 0.8 m, whereas the value of the normal amplitude in the contact phase varies from 0.05 m to 0.15 m.
The microscopic kinematic model for stator protruding section and the interface friction model for motor system are produced. The simulation results show that the increase in contact stiffness and normal amplitude can make the mechanical characteristics of the motor hard and the output force of the motor be improved. The experimental results show that the microscopic dynamic model of the motor can predict the mechanical output characteristics of the motor, which can provide reference for the theoretical study of nonresonance piezoelectric motors. From the simulation analysis and experimental results, when the preload is 16 N, the maximum thrust of the motor is 4.2 N, the maximum velocity is 2.52 mm/s, and the displacement resolution is up to 0.1 m.
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